In recent years, fracture-controlled (hydrothermal) dolomitization in association with igneous activity has gained interest in hydrocarbon exploration. The geometry and distribution of dolomite bodies in this setting are of major importance for these new plays. The Latemar platform presents a spectacularly exposed outcrop analogue for carbonate reservoirs affected by igneous activity and dolomitization.
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INTRODUCTION
Dolomite reservoirs for hydrocarbon production are of economic importance because they host 50% of carbonate reserves (Warren, 2000) . Benefits for production exist in dolomite relative to limestone. Most importantly, dolomite preserves porosity better with increasing depth (Halley and Schmoker, 1983; Warren, 2000) , and dolomitization can create secondary porosity. Structurally controlled (hydrothermal) dolomites have gained increased attention because of their potential as hydrocarbon reservoirs globally (Davies and Smith, 2006) . However, evaluation of dolomite reservoirs is often difficult, not only because porosity networks are mostly heterogeneous and hard to predict, but also because dolomite distribution is not easily determined (Al-Awadi et al., 2009) . Dolomite body geometries and reservoir characteristics are greatly dependent on the dolomitization processes involved and vary accordingly.
The association of several hydrocarbon reservoirs in relation to igneous (plutonic and volcanic) rocks has been documented (Farooqui et al., 2009) . Igneous rocks and their surroundings have typically been avoided as reservoir rocks, mostly due to the technical challenges, such as rock strength and adaptation of standard logging tools and interpretation methods. More recently, in association with technological advancements, their potential to develop porosity and permeability, migration pathways, traps and seals are recognized in the literature (Schutter, 2003; Sruoga and Rubinstein, 2007) . Subsalt carbonate occurrences in close vicinity of igneous rocks form potential dolomitic reservoirs. The Latemar represents a spectacularly exposed outcrop analogue for carbonate reservoirs that have been dolomitized in close relation to igneous activity and dike emplacement.
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control in the Latemar platform has already been discussed in the literature (Wilson et al., 1990; Ferry et al., 2011; Jacquemyn et al., 2014) . A genetic link between dolomite and dikes has been uncovered Jacquemyn et al., 2014) , however the geometric description of dolomite occurrences was limited and was mostly in generic terms (e.g., dolomite mushroom in Wilson et al., 1990 ; dolomite fingers, sheets, and pipes in . The complex, often steep, outcrop morphology does not allow straightforward observation and generic description of dolomite bodies and their distribution throughout the platform. Consequently, an exhaustive quantitative study is needed to assess dolomite occurrences across the complete exposed platform, including the less accessible Valsorda valley.
STUDY AIMS AND CONTEXT OF DIGITAL OUTCROP CHARACTERIZATION
The aims of this study are twofold. First, a suitable method is developed to derive three-dimensional (3-D) spatial lithology distribution from digital outcrop models (DOMs). Second, this approach is then applied to dolomite occurrences in the Latemar platform to understand the geometries and distribution of dolomite bodies in relation to igneous activity. A 3-D photorealistic DOM is created on which dolomite bodies can be defined more extensively, with more confidence and higher accuracy than in the field and can be validated by field observations. The challenge is to extract valuable quantitative geological information from such a model that describes the dolomite body geometry and distribution in 3-D at different scales.
Light detection and ranging (LIDAR) scanning is a well-established technique for generating highaccuracy, high-resolution DOMs. The use of LIDAR has become more widely used in reservoir outcrop analogue studies (Pringle et al., 2006; Martinsen et al., 2011) because it can generate DOMs on reservoir scale and provide data that can easily be implemented in geocellular reservoir models. However, quantification of geological information and subsequent interpretation obtained from DOMs both form challenges that are fairly new. Digital fieldwork on the DOM is required to gather data, and techniques have to be created or adapted to handle and interpret these new types of data (Kemeny et al., 2006; Martinsen et al., 2011; Monsen et al., 2011; Hodgetts, 2013) .
Two types of LIDAR scanning projects can be distinguished (Jones et al., 2010) . First, photorealistic virtual outcrops are a digital copy of the real-world exposure, used for virtual field trips, safety reviews, and client meetings. Second, LIDAR scanning can be carried out for quantitative geological analysis. The latter is used to derive 3-D geometrical attributes for further (geospatial) analysis. In this study, LIDAR scanning is used for quantitative geological analysis of lithology distribution.
Geological data gathering from DOMs is mostly performed manually (or automatically if possible), either in the field or directly on the model. Integration of field observations into a DOM is mostly done in order to combine all gathered information geospatially, and it serves as calibration or starting point for geological simulations and realizations (Bellian et al., 2005; Verwer et al., 2009; Sharp et al., 2010; Gillespie et al., 2011; Preto et al., 2011; Amour et al., 2012; Van Noten et al., 2013) . Observations can also be done directly on the DOM. This usually implies manual picking of XYZ points on the model in order to derive, for example, layering and platform geometry (Boro, 2012; Gramigna et al., 2013) , faults, fractures, and slip vectors (Jones et al., 2009; Kurtzman et al., 2009; Rotevatn et al., 2009; Lapponi et al., 2011; Jacquemyn et al., 2012) , vugs and karst cavities (Kurtzman et al., 2009; Labraña, 2011) or the geometry and distribution of sedimentary (Phelps et al., 2008; Fabuel-Perez et al., 2009) and diagenetic geobodies . Several successful attempts are made for automated processing. Cyclostratigraphy was derived from LIDAR scans of limestone-marl alternations by Franceschi (2009) based on the intensity signal. For diagenetic studies in carbonates (e.g., dolomitization), the combination of hyperspectral imaging and LIDAR data is very promising (Kurz et al., 2012) . Detailed variation of fault surface curvature is studied on LIDAR scans (Jones et al., 2009) . A comparison between manual and semiautomatic fracture extraction (Wilson et al., 2011) suggests that automated methods mainly reveal well-exposed fracture sets and easily miss poorly exposed or smaller fracture traces. A review of possible quantitative data sets that can be obtained on LIDAR DOMs is presented in Tonon and Kottenstette (2007) and more recently in Jones et al. (2010) . In most studies, 3-D geostatistics is the combination of a two-dimensional (2-D) horizontal and one-dimensional (1-D) vertical analysis (Kupfersberger and Deutsch, 1999) .
None of the studies mentioned above present a method that can be applied to 3-D distribution of dolomite in the Latemar. Because the outcrop and the resulting lithology dataset is extensive in 3-D, dimension reduction to 2-D + 1-D is not possible. The approach developed here expands classical 2-D geostatistics to 3-D. Consequently, the concept of the 2-D variogram map is expanded to a 3-D variogram grid volume. Anisotropy analysis of the variogram grid aims to reveal the principal directions of dolomite occurrences and distribution in 3-D at multiple scales.
Spatial variation of dolomite occurrences is determined by the use of 3-D indicator variography computed from the 3-D lithology point cloud directly. Only limestone and dolomite are assessed, and because lithology is based on outcrop color, no further subdivisions can be made. In most studies, one dimension of an available 3-D dataset (often the vertical direction) is less pronounced, and thus, the spatial variation can be studied confidently in 2-D (e.g., Dewit et al., 2012) . In this case, data reduction from 3-D to 2-D is not possible because the dataset is extensive in all three dimensions. Furthermore, 3-D variography in the literature often corresponds to the combination of 2-D bedding-parallel and 1-D vertical variography (Kupfersberger and Deutsch, 1999) and is not actually studied in 3-D as is done in this study. Although the approach in 3-D is similar to 2-D, mainly anisotropy detection differs significantly. Therefore, 2-D variogram maps and contour lines are replaced by their 3-D counterparts, respectively 3-D variogram grid volumes and contour surfaces. Furthermore, 2-D methods of anisotropy visualization and orientation determination are adapted to handle 3-D data.
Application of the 3-D variogram grid and subsequent anisotropy analysis on the Latemar lithology dataset shows that dolomite variation is clearly scale dependent. At a small scale (<200 m [656 ft]), dolomite bodies are elongated vertically or subhorizontally. Comparison of these principal directions to the average dike orientation indicates that dolomite bodies are extended parallel to the dikes. Stratigraphic control on the distribution of dolomite bodies becomes apparent at a larger scale (>200 m [656 ft]).
The results of the anisotropy analysis can directly be interpolated by indicator kriging in a reservoir model to allow visualization of the dolomite reservoir rock and can then serve for reservoir simulation. The resulting reservoir is a complex interfingering composite of horizontal and vertical dolomite bodies, with multiple connections to the underlying Contrin Formation.
GEOLOGICAL SETTING
Several Triassic carbonate platforms in the Dolomites, northern Italy, (Figure 1 ) are considered outcrop analogues for subsurface (dolomite) hydrocarbon reservoirs, for instance the Sella Group (Antonellini and Mollema, 2000) , Pale di San Lucano (Blendinger and Meissner, 2006) and the Rosengarten or Catinaccio (Emmerich et al., 2009) . Also in the Latemar, several aspects, such as platform geometry and fracturing, are covered in the literature as outcrop analogues.
The Latemar is a Middle Triassic isolated carbonate platform (Gaetani et al., 1981; Preto et al., 2011) , located in the Dolomites (northern Italy). It is a steep-fronted (Marangon et al., 2011) , mainly aggradational (Emmerich et al., 2005) to progradational carbonate platform, which was deposited on top of a regional (mainly dolomitic) carbonate bank (Contrin Formation). The platform interior is subdivided into different lithozones (Goldhammer et al., 1987; Egenhoff et al., 1999) Carbonate production ceased during activity of the Predazzo volcanic complex in the late Ladinian (Bosellini, 1984) . This activity consisted of an eruptive phase, which covered the Latemar and surrounding platforms with volcanic material, and subsequent emplacement of the Predazzo intrusion (Castellarin et al., 1982; Laurenzi and Visonà, 1996) . Emplacement of the intrusion was coupled with emplacement of numerous north-northwest to south-southeast oriented dikes across the Latemar platform (Riva and Stefani, 2003) . High-permeability brecciated zones along the dikes served as pathways for dolomitizing fluids that consequently caused (partial) dolomitization of the Latemar platform (Jacquemyn et al., 2014) . Replacement dolomitization started during or shortly after dike emplacement. Mainly the stratigraphical lower half (LPF to MTF) is dolomitized, whereas the upper half does not contain large volumes of dolomite. An overview of the dolomitization mechanism and the importance of dikes in the dolomitization process is extensively covered in Jacquemyn et al. (2014) .
A subjective non-quantitative description of the geometry of the dolomite bodies has been covered and revised by several authors. Earlier geometrical description of dolomite in the Latemar platform suggests a large mushroom-shaped dolomite body (Wilson et al., 1990) . This model was revised by based on a more detailed description of the outcrops. A link was suggested between the presence of dikes and dolomite and dolomite geometry was described on single outcrop scale (>20 m [>65 ft]). However, both authors focused on the same stratigraphic interval, at the top of dolomite occurrences. The lower part that contains the most dolomite has not been studied in detail yet but is included in this study.
METHODOLOGY LIDAR Acquisition and Model Building
The Latemar, and more specifically the Valsorda valley, possesses a difficult geometry for any scanning method because the majority of the dikes are easily eroded and form numerous incised valleys (Figure 2 ). Terrestrial LIDAR scanning would thus result in large areas of scanning shadow (Bonnaffe, 2007) . A LIDAR helicopter-based scanning campaign in the Latemar was executed by Helimap System SA (www.helimap.ch). This is different from typical airborne scanning (vertical scanning) because the scanner is mounted to scan from oblique angles. Because the LIDAR scanner in the helicopter is moving, every incised valley is covered (at least partially) and scanning shadow is drastically reduced. The scanner used was a Riegl VQ-480 with a range of 1500 m (4921 ft), a rangefinder accuracy of 25 mm (0.98 in.) and a maximum angular resolution of 0.001°. The resulting point cloud resolution is on average 1.08 points per m 2 of outcrop surface and Preto et al., 2011) . The platform is subdivided into different lithozones (Egenhoff et al., 1999) . covers an area of 2 by 2.5 km (1.55 mi). Detailed characteristics and resolution of the resulting 3-D geometry are listed in Table 1 . Photographs were shot with a Hasselblad H4D camera (50 Mp resolution) mounted with a Hasselblad HC 35 mm f/3.5 lens (@f/6.8). The average scanning and photographing distance was approximately 350 m (1148 ft) resulting in a pixel size of 2-6 cm (0.78-2.36 in.). This resolution allows recognition of features (e.g., dolomite bodies) with an exposed surface area as small as 1 m 2 (3:28 ft 2 ). The resolution of the photographs is one order of magnitude higher than the merged point clouds. Projection of the photos on the LIDAR point cloud would, thus, result in a reduction of color resolution of the DOM. Because the Latemar DOM is used for lithology distribution based on color differences, high-resolution photographs are essential. In order to keep the highest possible resolution, the point cloud is converted to a triangulated mesh, and the photographs are draped on the resulting surface ( Figure 3) . Triangulation of the point cloud is executed in QTSculptor. Photograph draping is performed in RiScan Pro. For every photograph (700 in total), at least four control points (preferably 9-15) are picked manually on the photograph and on the blank, triangulated DOM. A fitting algorithm then calculates the photograph projection parameters and provides a fitting quality measure. Additional visual inspection is mandatory to ensure correct positioning of the photographs. The resulting DOM consists of a colored triangulated surface with a point resolution of approximately 1 m (3.28 ft) and a photo-pixel resolution of approximately 6 cm (19.68 ft). The digital terrain model (DTM) of the area is combined with the DOM to cover the whole Latemar platform.
Although the spatial resolution of the DTM is lower than the DOM (Table 1) , it is still sufficient to pick out the dike traces.
To assess the influence of topography on the geostatistical analysis, the DOM was subdivided into four zones ( Figure 2 ). Three zones cover the steep rock walls surrounding the Valsorda valley (North, West, and South zone) and one is located on the Lastei di Valsorda plateau to the west of the Valsorda valley (Plateau zone). The latter, combined with the Path section in zone West (no. 10 in Figure 2) , corresponds approximately to the area studied by Wilson et al. (1990) and .
DOM Interpretation and Lithology Extraction
Lithology distribution in the Latemar is based on the manual selection of regions on the triangulated outcrop model, belonging to different lithologies. The centers of the selected triangles are used to represent the triangle lithology. Color differences between limestone and dolomite on the photograph are used for lithology recognition. Therefore, photograph quality (resolution, distortion, etc.) and color contrast are very important. Oblique projection of the photographs on the DOM was avoided in order to reduce picking uncertainties. Because the photographs are of higher resolution than the DOM, the resolution of the picked lithology is limited by the point cloud resolution. As a consequence, small-scale (<1 m [3.28 ft]) lithology variations (or lithology inaccuracies) will not be recorded.
Magmatic Dike Mapping
Numerous magmatic dikes crosscut the Latemar platform. The exact position and trajectory of these dikes are mapped on the 3-D DOM by selecting points on the DOM along their track ( Figure 3 ). The inter-point distance is approximately 5 m (16 ft). Dikes can easily be recognized because they are more sensitive to weathering than carbonates and, thus, form steep, narrow gullies. The width of these gullies varies between 2 and 3 m (6.5 and 10 ft) and tens of meters. The mafic dike material is colored dark-brown to black and is clearly different from the gray and orange-brown carbonates. The weathered gullies are often filled by scree material that prevents observation of the rocks. Therefore, every gully is checked for the presence of magmatic dikes. If dike material is recognized, it is assumed the whole gully formed along a dike and was traced accordingly. In total, 385 mafic dikes are picked on the DOM.
The bottom of the Valsorda valley is composed of scree slopes and wood or bush areas. Consequently, no lithology can be mapped below the base of the exposed rock faces and no gullies can be traced. The dikes mapped on the southern and northern flanks of the Valsorda are probably connected, as they are also continuous on the plateau level from south to north. Due to branching and merging of the dikes, it is not possible to link dikes across the Valsorda valley.
Dolomite-Limestone Mapping
Dolomite and limestone occurrences are manually picked on the DOM based on the rock's color. Dolomite generally exhibits an orange to brown color, whereas limestone is generally gray (Figure 4 ). However the difference between Fe-rich and Fe-poor dolomite, which was recognized in the diagenetical study (Jacquemyn et al., 2014) , cannot be distinguished on the model. Rock samples and field observations are used for validation. Around 48% of the scanned surface is grass plain or scree slope that cannot be used for lithology partitioning.
Locations where shadow or overexposed areas prohibit confident lithology recognition are disregarded, and thus, only well-exposed rock outcrops are used. This results in sets of georeferenced points of known lithology (Table 2) with an estimated resolution of one point per meter square of outcrop surface (Table 1) . These points will be used to calculate the degree of dolomitization and derive its spatial distribution.
Geostatistics
The workflow and concepts of this approach will be introduced here. First, an omnidirectional semivariogram is calculated to determine if any spatial dependency is present in the lithology point cloud. Second, semivariogram grids are constructed that contain all possible directional semivariograms. These grids can reveal if lithology variation is isotropic (i.e., similar in all directions) or if lithology is more continuous or variable in specific directions. Directional dependence of lithology variation will result in anisotropy directions in the semivariogram grids. Third, along the observed anisotropy directions, predefined semivariogram models are fit to the experimental directional semivariograms. Geostatistics are used to explore the spatial variability in datasets. In this case, the data are lithology points, being assigned a value of 0 or 1 for limestone and dolomite, respectively. The main geostatistical tool used here is the semivariogram. The semivariogram γðjhjÞ is calculated as the half of the average squared difference between values of all point pairs, which are located a distance h (lag) apart (Isaaks and Srivastava, 1989) :
where NðhÞ is the number of point pairs and zðx α Þ and zðx α + hÞ are the values at the starting point and its corresponding end point, respectively ( Figure 5 ).
Without any restrictions to the orientation of the point pairs, an omnidirectional semivariogram is calculated. To assess the spatial variability in specific directions, orientation constraints can be applied to the direction of distance vector h (Figure 6 ). Low semivariance indicates a low degree of variability (i.e., a high degree of similarity) between points, whereas higher semivariance indicates a higher degree of variability. Thus, increasing semivariance values with increasing distance indicate the presence of spatial correlation in the dataset.
The parameters that describe the spatial variation (variogram type, nugget, range, and sill) are determined by fitting positive definite semivariogram models to the experimental semivariogram. The number of point pairs, NðhÞ, corresponding to the semivariogram values, γðjhjÞ, is used as a weight for the fitting algorithm. (Sahin et al., 1998; Huysmans et al., 2008; Samal et al., 2011; Dewit et al., 2012; Possemiers et al., 2012 , Franceschi et al., 2014 .
In this study, the dataset is extensive in 3-D and cannot be reduced to a 2-D + 1-D case. Therefore, the 2-D variogram map concept is expanded into a 3-D variogram grid volume (Figure 7 ), which is a 3-D representation of all directional semivariograms in all directions. Therefore, the variogram grid shows 3-D directional variability. This forms a great improvement because it avoids calculating numerous variogram maps in many different directions, and it can provide a more accurate orientation of anisotropy because every direction is included in the grid and lacks the averaging that occurs when combining 2-D + 1-D. Analogous to the 2-D variogram map, 3-D contour surfaces of the semivariance can be calculated from the variogram grid and used to derive anisotropy. The amount of data points greatly exceeds the size of a typically gathered dataset, often only consisting of well data. Therefore, new algorithms are created to handle this amount of data. The Matlab code for variogram grid calculation is included in Jacquemyn (2013) .
Two-dimensional anisotropy is usually described by an ellipse, in 3-D this becomes an ellipsoid, controlled by three principal axes. The orientation of the long (R1), middle (R2), and short (R3) axes is derived by calculating the eigenvectors of the covariance matrix of the contour surface (similar to calculating a best-fit plane). Then directional experimental semivariograms are calculated along these three directions (R1-R3) to assess the spatial variability of the anisotropy ellipsoid. If different anisotropy directions exist for different semivariance contours, anisotropy is also scale dependent.
Experimental semivariograms are calculated from the dataset by using the aforementioned formula. However, for very large datasets (>100,000 data points), no software packages were available to handle this huge amount of data. Therefore, Matlabscripts are created to calculate omnidirectional and directional semivariograms and variogram grids in an acceptable timeframe (Jacquemyn, 2013) . Vector operations are used as much as possible to avoid successive loops over the enormous datasets. The computing time of the constructed algorithms is often more sensitive to the number of lags than to the number of data points. Additionally, the constraints to obtain directional semivariograms greatly improve calculation times. Averaged point pair calculation time for 700,000 points over 600 lags is approximately 1.6 million point pairs per second. Because no software packages are available to straightforwardly assess the 3-D variability, a Matlab script was created for the calculation and export of semivariogram grids. The variogram grid calculation time is, analogous to semivariogram calculation, more sensitive to the grid density (lag distance) than to the number of input points. The grid is exported as a uniform rectilinear VTK grid (Schroeder et al., 2006) , which can easily be visualized and analyzed by most 3-D software packages.
RESULTS: LITHOLOGY DISTRIBUTION
The distribution of replacement dolomitization is assessed by acquiring lithology information through manual interpretation of a photorealistic 3-D DOM at high accuracy with high resolution. The 3-D DOMs obtained by LIDAR scanning provide the accuracy and detail, at large enough scale, necessary to achieve a reliable and, yet, extensive quantitative 3-D lithology dataset. The resulting lithology point cloud can then be investigated statistically to describe the spatial distribution of dolomite occurrences. In addition to carbonates, dike occurrences can also be picked on the DOM. From these point picks, dike orientation and spacing can accurately be determined.
Magmatic Dike Mapping
The exact position and trajectory of the dikes are mapped on the 3-D DOM by selecting points on the DOM along their track (Figure 3) . The orientation of the dikes is estimated by calculating the best-fit plane, using orthogonal regression (Fernández, 2005; Jones et al., 2009) .
The orientation results are displayed in Figure 8 . The majority of the dikes are subvertical (∼87°) and dominantly oriented north-northwest. The rose diagram of the strike values (Figure 8 ) confirms that the majority of the dikes' strike is close to 325°. Very few dikes are oriented more than 20°apart from 325°.
Dikes are closely spaced. In zone North, dike occurrences are counted along horizontal scan lines perpendicular to the dikes' average azimuth (analogous to mechanical stratigraphy scan lines). Seven scan lines are calculated, spaced 50 m (164 ft) vertically from 2050 to 2350 m (6725 to 7709 ft) altitude (Table 3 ). The average number of dikes encountered and scan line length are 56 dikes and 1393 m (4570 ft), respectively. Both values combined results in an average spacing of 27.6 m (90.55 ft). Although branching is observed in several dikes, the average dike spacing remains constant over the studied interval. Systematic dike thickness measurements are not available; however the average dike thickness is estimated to be at least 2 m (6.5 ft) based on field observations. Consequently 56 dikes over on average 1400 m-long (4593 ft) scan lines, correspond to a cumulative thickness of 112 m (367 ft) of dikes, which corresponds to a minimum of 8.0% of magmatic material in the total rock volume.
Carbonate Distribution Acquisition
Manual detection of lithology on the DOM results in a lithology point cloud of more than 5.5 million points (Table 2 ). Approximately 48% of the original DOM was covered with scree slopes and grass areas and cannot be used for lithology detection. The lithology point cloud contains more than 4.1 million points that represent limestone and 1.4 million for dolomite ( Figure 9 ). On average, 26% of the scanned outcrops on the Latemar and in the Valsorda valley consist of dolomite. Some variation in dolomite distribution exists between the different zones, from 15% in zone South to 35% in zone West. Most of the dolomite occurs in the lowest part, in or just above the Contrin Formation.
The vertical proportion curve (VPC) reflects the ratio of dolomite versus limestone in function of stratigraphic (vertical) height above the base of the Contrin Formation (Figure 10 ). Corresponding to field observations, the Contrin Formation is almost completely dolomitized. The low percentage of limestone might be the result of incorrect delineation of the top of the Contrin Formation, or it might be caused by displacement along normal faults of blocks of the overlying LPF. The dolomite percentage in the lower half of the LPF drops radically from 90% to approximately 23%. The height interval along which the dolomite percentage decreases is roughly 200 m (656 ft). This is probably caused by the dolomite bodies that rise from the Contrin Formation into the LPF. Some of these bodies end within 150 m (492 ft) above the Contrin Formation, whereas others reach much higher and form vertical dolomite bodies. From halfway up in the LPF up to the top of the LCF, the dolomitization percentage is roughly constant around 23%. In the MTF, dolomitization decreases to zero over a height interval of 100 m (328 ft). No lithology points are available from the UCF and UTF, but based on field observations and literature data, these are considered devoid from large amounts of replacement dolomite.
Geostatistics
The resulting parameters of the semivariogram models, complemented by the anisotropy directions, provide a mathematical description of the dolomite distribution that will be used for subsequent reservoir model construction.
Omnidirectional Semivariogram
To estimate an overall distance range and degree at which limestone-dolomite variations occur, an omnidirectional experimental indicator semivariogram is calculated for the whole dataset (circles in Figure 11 ). The experimental semivariogram increases gradually from 0.030 (nugget) to a total sill of 0.186 at a distance of approximately 1200 m (3937 ft). This indicates that limestone-dolomite presence is spatially autocorrelated up to distances of 1200 m (3937 ft). Therefore, we conclude that dolomite is not distributed randomly, and further directional analysis is useful. Starting at a distance of approximately 1300 m (4265 ft), the reliability of the experimental semivariogram starts to decrease significantly because the number of available point pairs starts to decrease. Therefore, values at distances exceeding 1300 m (4265 ft) are disregarded. However, the most significant change in semivariance occurs in a distance range from 0 to 500 m (0 to 1640 ft). Around a distance of 400 m (1312 ft), semivariance increase is reduced dramatically. This is probably caused by the lack of vertical point pairs at longer distances because the vertical extent of the point cloud is roughly 500 m (1640 ft). Because the vertical extent of the lithology dataset is three times smaller than the horizontal extent, preferably directional semivariograms should be used to describe the 3-D spatial variability. The orientations that best describe the limestone-dolomite variations are determined by an anisotropy analysis.
Additionally an omnidirectional semivariogram is calculated for the dataset without the points belonging to the Contrin Formation (Figure 11 , triangles) to assess the influence of this dolomitic bank. Generally, this curve follows the overall semivariogram at distances up to approximately 400 m (1312 ft). For distances exceeding 400 m (1312 ft), the semivariogram of the cropped dataset stagnates and is on average 0.015 lower than the overall semivariogram. The largest contribution of the Contrin Formation to the overall spatial variability is, thus, present in the range up to 400 m (1312 ft) and, based on the extent of the dataset, probably mainly in (sub)vertical directions. Additionally, the calculated ranges are slightly shorter than the ranges for the complete dataset. Because several dolomite bodies rise up from the Contrin Formation, the complete point cloud (including Contrin Formation) will be used for further analysis in order to include its influence on the dolomite distribution. With the use of a VPC, it is guaranteed that during kriging interpolation the Contrin Formation contains only dolomite.
Dolomite Anisotropy Detection
Dolomite distribution in the Latemar platform was previously described in distinct shapes (vertical pipe, horizontal bodies, and fingers). However, these descriptors are subjective terms. Objective description of the dolomite distribution is advisable. As shown above, directional variography is ideal to describe spatial limestone-dolomite variation geostatistically. The principal directions that best describe this lithology variation can be determined by a 3-D anisotropy analysis.
Anisotropy is present in the dataset when its pattern of spatial variability changes with direction. In that case, descriptors of spatial relationships, such as semivariogram ranges and sills, are different in different directions. Variogram grids are calculated to Similar to 2-D anisotropy analysis by contour lines on variogram maps (e.g., Lombardi and Voltattorni, 2010) , 3-D semivariance isocontour surfaces can reveal the presence of anisotropy and determine its principal directions. For low semivariance values (≤0.08), the contours result in spheres, and thus, lithology variation is isotropic (no directional influence). Figure 12 shows 3-D contour surfaces at 0.09 semivariance of variogram grids of 400 × 400 × 400 m (1312 × 1312 × 1312 ft) with a 5 m (16 ft) cell size for all data combined, as well as every zone separately. The contour surface for all data resembles two prolate ellipsoids (rather than tri-axial ellipsoids), one subvertical and one subhorizontal. These anisotropy ellipsoids each represent an anisotropy direction and crosscut each other at approximately 63°. The long axes (R1) of both ellipsoids represent directions of more gradual increase in semivariance with distance compared to other directions and, thus, the directions of maximal spatial continuity. Alternatively, these directions correspond to the orientation of dolomite bodies (dolomite body = geometry of continuous lithology). Therefore, we conclude that on a small scale (<200 m [<656 ft]) dolomite bodies have one main axis that is aligned either vertically or horizontally. The prolate geometry of the ellipsoids suggests the maximum variability is isotropic perpendicular to the long axes. The common plane of both ellipsoids is calculated by fitting a plane to the contour surface. The long axes (R1) of the anisotropy ellipsoids are located in this plane. The normal direction to the fitted plane will be used for determining the short ranges of both anisotropy ellipsoids during the semivariogram modeling step. Ellipsoid orientation values are listed in Table 4 . The strike orientation of this common plane, along which dolomite bodies are aligned, is 322°, which is only 3°difference from the average orientation of the magmatic dikes.
To verify whether the acquired anisotropy ellipsoids are valid for subsets of the lithology point cloud, the anisotropy analysis is repeated for each of the four zones (Figure 2) separately. Both anisotropy ellipsoids do not occur in every variogram grid of the individual zones (Figure 12 ). The contour surface of the Plateau zone represents only a subhorizontal ellipsoid. Due to the rather horizontal outcrop topography of this zone, too few vertical point pairs can be assessed to confidently calculate semivariance in a vertical direction, and thus, vertical variability cannot be considered based on this part of the dataset alone. The same reasoning explains why the subhorizontal anisotropy is not present in the variogram grid of zone West. Few point pairs along a N30E direction exist in this part of the dataset. In zones North and South, both the subvertical and subhorizontal anisotropy directions can be observed. For zone South, both anisotropies appear to be connected in the upper-north quadrant. This is, however, the quadrant for which the fewest point pairs exist because the general direction of this zone is dipping north. A similar phenomenon is observed in zone North, where the subhorizontal anisotropy contour surface widens toward the quadrant with the least point pairs (upper-south). These effects are, therefore, considered to be caused by outcrop topography and not by lithology variability. The subvertical and subhorizontal anisotropy directions are detected in every zone and are, thus, valid for the whole dataset and its subsets.
Similar to small-scale variogram grids, large-scale variogram grids are used to determine the parameters of large-scale lithology variation. Therefore, a large variogram grid of 1600 × 1600 × 1600 m (5249 × 5249 × 5249 ft) with a grid cell size of 20 m (65 ft) is calculated from the complete lithology point cloud (Figure 7 ). Figure 13 shows the contour surface at semivariance 0.18. The contour surface exists of two parts that are not connected. This indicates that sample continuity in between both parts of the contour surface is much larger and does not reach the same Isotropic 0.16 0 0 0 n/a n/a n/a Isotropic 0.08 9 9 9 n/a n/a n/a Isotropic 0.10 20 20 20 n/a n/a n/a *In order to include all detected anisotropies, a high degree of nesting is required. These anisotropy orientations correspond to the orientation of dolomite bodies at different scales. The anisotropy ranges describe the distribution structure (elongated, flattened, etc.).
semivariance value as perpendicular to the surface, and thus, zonal anisotropy is present. The orientation of anisotropy is determined by calculating a best-fit plane to the contour surface. The plane-normal represents the shortest axis (R3) of the anisotropy ellipsoid and, thus, the direction of highest lithology variability. Dip and dip direction values of this plane are 8.7 and 66.7°, respectively, and are, thus, parallel to bedding . The remaining axes that describe the large-scale anisotropy ellipsoid are located along the best-fit plane. This planes holds the directions of maximum lithology continuity. Contouring of the 2-D variogram map, parallel to this plane, shows that the middle and long axes of the anisotropy ellipsoid are oriented parallel to southwest-northeast and northwest-southeast, respectively. Because anisotropy is present within this plane, anisotropy at this large scale is modeled as a tri-axial ellipsoid, and two additional principal axes were determined. Anisotropy orientation directions are listed in Table 4 . The large-scale anisotropy cannot be assessed separately for individual zones, analogous to the small-scale anisotropies, because these zones are not large enough, so the Figure 12 . Three-dimensional contour surfaces at 0.09 of the variogram grids for the entire dataset and every zone separately. Orientation of all boxes is identical. The gray plane represents the best fit plane to the contour at 0.09 of all data. The subvertical and subhorizontal anisotropy is clearly visible for all data combined. For the separate zones, outcrop orientation has an important control on the contours. For example, the contour of the Plateau zone lacks the subvertical anisotropy. This can be explained by the fact that the topography of this zone is rather flat, and thus, very few vertically oriented point pairs are available. In every grid, it can be observed that anisotropy contours occur along the fitted plane. Figure 13 . Contour surface (green) of a largescale variogram grid at 0.18 semivariance. The best-fit plane to the contour surface is marked in blue and is slightly dipping to the northeast. The anisotropy orientation is equal to bedding. The small-scale anisotropy contour surface is added in red for comparison (center of the picture). A color version of this figure can be seen in the online version of this paper.
number of point pairs at long distances would be insufficient.
Directional Semivariogram Modeling
Based on semivariance contouring, three anisotropy ellipsoids are recognized at different scales. The two small-scale anisotropies correspond to lithology variation and geometry at dolomite body scale, whereas the large-scale anisotropy corresponds to dolomite body distribution. The geostatistical parameters, such as sills and ranges, corresponding to the different anisotropies, are determined along the principal axes of the anisotropy ellipsoids. These parameters describe the degree and distance of lithology variation in these principal directions and can be applied directly for reservoir model construction.
For all three detected anisotropies, semivariograms are modeled along their principal axes. The threshold and cone length of the directional constraints are set at 2× lag spacing and 5× threshold, respectively, for all directional semivariograms. The lag spacing and maximum distances used are determined by the anisotropy scale.
The small-scale anisotropy is assessed by calculating three experimental directional semivariograms with a lag spacing of 2 m (6 ft) (100 lags). These are calculated along the long axes of the ellipsoids of both small-scale anisotropies and perpendicular to their common plane (Figure 12 ). Because calculation time increases drastically with the number of lags, the maximum distance is limited to 200 m (656 ft). Because larger scale structures are present, the experimental semivariogram does not reach the total sill in the depicted range. The parameters of the large-scale anisotropy are determined by three experimental directional semivariograms with a lag spacing of 5 m (16 ft) (200 lags) along the corresponding principal directions. It should be noted that all anisotropies also have an influence on each other. Therefore, the resulting overall model has to include a degree of nesting of at least the number of anisotropies. The resulting experimental semivariograms along these six directions (three small scale and three large scale) are then used for fitting semivariogram models with nesting up to 4°. The number of point pairs are used as weights to improve reliability of the resulting models. The geostatistical parameters (range and sill) are then derived from the different nested semivariograms (Table 4) .
The modeled semivariograms exist of several nested spherical semivariograms (including nugget). Consequently, a rather complex model is required to objectively describe dolomite distribution in the Latemar. This complexity is needed to include the variation at different scales and variation in distinctly different orientations.
The geostatistical approach to the lithology dataset describes the spatial variability of dolomite occurrence. The obtained semivariogram parameters and corresponding anisotropy direction will be applied to the dataset itself to interpolate lithology in the reservoir model. However, these characteristics can also be directly applied to any dataset of georeferenced lithology points for which similar dolomitization processes are identified or suspected, or similar relationships are observed in relation to, for example, magmatic dikes.
Reservoir Modeling
Carbonate and dikes are mapped in the field as well as on the 3-D DOM. Spatial distribution of dolomite versus limestone is geostatistically investigated. Consecutively, this lithology information (location + variography parameters) is implemented into the reservoir grid model by allocating a lithology value to every cell in correspondence to the derived lithology statistics. Discrete values are assigned to the various lithology classes.
Dolomite distribution is extensively characterized by applying geostatistics to the lithology dataset. For reservoir model construction, kriging interpolation of the lithology dataset is performed to assign lithology values to every grid cell of the reservoir model. The required input for kriging is the defined anisotropy directions, the parameters of the fitted semivariogram models, and the VPC.
The whole lithology point cloud is inserted into a reservoir model. A rectilinear cornerpoint grid with 335 × 445 × 130 cells, with a size of 8 × 8 × 8 m (26 × 26 × 26 ft), is used to cover the whole study area. Lithology values (0 and 1 for limestone and dolomite, respectively) from the point cloud are assigned to their corresponding grid cells. At this stage 120,740 out of 13,401,461 cells (0.9%) are appointed a lithology value. The remaining empty cells will be assigned a lithology based on the geostatistical analysis described earlier. As suggested by Amour et al. (2012) , sequential indicator simulation (SIS) is recommended for modeling complex geological heterogeneity and geometry. Therefore, all remaining cells are interpolated by applying simple indicator kriging with SIS based on the geostatistical parameters listed in Table 4 . The kriging interpolation is constrained by the known lithology point cloud and the VPC of dolomite occurrence (Figure 10 ). The resulting dolomite distribution is shown in Figures 14 and 15 .
Because the average grid cell size of the complete model is 8 × 8 × 8 m (26 × 26 × 26 ft), the nested semivariogram with the smallest range (9 m [29 ft]) is omitted to increase computation performance, and its contribution is added to the nugget effect. If included, the effect of this variogram would be minimal because its range is very close to the average cell size. In order to interpolate the finer grids, this subvariogram cannot be disregarded.
The resulting model ( Figure 14) shows a complex composite of interfingering vertical and horizontal dolomite bodies. Alignment to the dikes can clearly be observed. In vertical cross sections (Figure 15) , the connection between the Contrin Formation and vertical dolomite bodies can be observed. The latter often have a wide base at the contact and become narrower higher up in the stratigraphy. In dikeperpendicular cross sections, several isolated dolomite bodies are present, however, in dike-parallel sections these are mostly connected to other (vertical and horizontal) dolomite bodies.
DISCUSSION
Many different approaches exist considering the processing of geospatial data in the function of the goals (Amour et al., 2012) . In many studies, sedimentary evolution, lateral facies variation (Pranter et al., 2005; Budd et al., 2006; Palermo et al., 2010) , or platform geometry (Phelps et al., 2008; Verwer et al., 2009 ) is investigated. Often, the distinction between horizontal (or bedding parallel) and vertical (layer stacking) is well defined and a 3-D problem can be reduced to a combination of 2-D horizontal and 1-D vertical variography (Kupfersberger and Deutsch, 1999; Willis and White, 2000; Qi et al., 2007) . Some studies calculate the statistical description of geobody geometry in terms of parameters such as length, width, and height (Qi et al., 2007; FabuelPerez et al., 2009) or implement predefined geometries (Mikes and Geel, 2006) . However, only a few studies deal with dolomite bodies, stratabound (Koehrer et al., 2010) or fault-controlled (Lapponi et al., 2011; Dewit et al., 2012) . Because dolomitization of the Latemar platform is not limited to lateral or stratigraphical variation or geometrically well-defined geo-bodies, none of the approaches listed previously can be directly applied. Dewit et al. (2012) have successfully applied a 2-D variography geostatistics on hydrothermal dolomites in northern Spain. Anisotropy analysis of the dolomite bodies indicated a clear relationship between their orientation and the fault system. For this case, 2-D geostatistical analysis is adapted to 3-D. The approach followed is often not only dictated by the goals but also by data availability. In very few cases, exceptional 3-D outcrop geometry, combined with high-resolution lithology (or facies) information is available, which is a prerequisite for actual 3-D variography. As is suggested by variography of the subsets, a complete 3-D outcrop is required.
Variography on one or two (oriented) subsets alone would yield significantly different results.
Three-dimensional variography reveals that at least three anisotropy directions are present in the distribution of the studied carbonates. These anisotropy directions cover lithology variations at a different scale. The small-scale anisotropy directions are oriented roughly horizontally and vertically and have a range smaller than 150 m (492 ft) along their major principal axes (R1). These anisotropies are considered to be governed by dolomite body geometry. Dolomite bodies described in this study, as well as described by , are mainly vertical bodies (pipes) and horizontal extensions of these pipes (layer-parallel fingers). The vertical anisotropy direction is a manifestation of the vertical pipe-like bodies. Correspondingly, the subhorizontal anisotropy is the representation of horizontal dolomite bodies. Both anisotropies (and thus lithology) are oriented along a common, subvertical plane (Figure 12 ). The orientation of this plane is nearly parallel to the main orientation of the dikes (Figure 16 ). Therefore, the outlines of dolomite bodies are aligned along the mafic dikes, either vertically or horizontally. This confirms the dike control Figure 16 . Rose diagram of the dike orientation data (black) compared to the common plane of both small-scale anisotropy orientations (white arrow). The difference between the main dike orientation and the shared anisotropy plane is less than 3°.
on fluid flow that exists between the dikes and hydrothermal dolomitization (Jacquemyn et al., 2014) . A spatial relationship between dikes and dolomite bodies was already suggested in the literature , however this could not be checked quantitatively.
The large-scale anisotropy corresponds to dolomite body distribution rather than individual dolomite body geometry. This anisotropy is subhorizontal, slightly dipping to the northeast. The dip (8°) and dip direction correspond closely to the orientation of the growth wedge observed in the central portion of the Plateau zone . This indicates that dolomite body occurrence is probably governed (at least partially) by sedimentary facies. An additional indication for facies dependency is the sudden drop of the dolomite versus the limestone ratio in the MTF (Figure 10 ).
The calculated VPC (Figure 10 ) is contradictory with the curve constructed by that is based on field mapping along six traverses with a total length of 9.7 km (6 mi). Because only one of these traverses crosscuts the LPF, the coverage of this facies is limited. Hence, this is the facies where results are clearly different. In this study, the lithology dataset is evenly distributed over the complete studied interval and can, therefore, be considered more accurate. The constructed VPC is also used to constrain lithology kriging interpolation.
Variography revealed an important association between dolomite occurrence and mafic dikes. Cross sections (Figure 15 ) through the reservoir model show the dolomite distribution parallel and perpendicular to the main dike direction. Several vertical pipe-shaped dolomite bodies are present, rising above the Contrin Formation. The presence of one of these pipes at the southwest end of the Valsorda was already described by several authors (Wilson et al., 1990; . The outline and incidence of the dolomite pipes are similar to the diagenetic chimneys shown by Esteban et al. (2005) that are also associated with fractures and form chimney-like geobodies. The geometry of the dolomite pipes is much like what is described by Lapponi et al. (2011) in the Zagros Mountains in Iran. Correspondingly, most dolomite bodies in the Latemar are also rooted in a massive volume of dolomite (Contrin Formation). Pipes are generally more tabular than circular as the term pipe suggests (with a shorter direction perpendicular to main dike orientation).
However, not all pipes formed vertical structures because some are inclined in cross sections parallel to the main dike orientation. No preferential inclination direction (north or south) is observed. Inclination is not controlled by sampling geometry, i.e., constraints imposed by the presence of the Valsorda valley because inclination also occurs in vertically stacked bodies, whereas the inclined flanks of the Valsorda are not vertically stacked. Possibly, diagonal dolomite bodies are the result of superposition of both smallscale anisotropies (horizontal and vertical).
Several dolomite bodies rise up from the Contrin Formation that do not exhibit a pipe-like geometry. In contrast, these have a triangular or pyramidal vertical outline that is wide at the contact with the Contrin Formation and becomes narrower with increasing height. These are probably preserved in an early stage of dolomite pipe development. In this study, many isolated bodies are observed in the field and can be quantified in the reservoir model. Large, isolated dolomite bodies (at least one dimension exceeding 50 m [64 ft]) are often horizontally aligned and account for approximately 10% of the dolomite volume above the Contrin Formation. Because of the interfingering of different dolomite bodies in three dimensions, these isolated bodies are probably connected to other dolomite bodies.
The spacing between different dikes could play an important role on the width of the dolomite bodies and their spacing. Because the dike-spacing is constant in this study, the control distance between different dolomite bodies cannot be derived from this dataset alone. Therefore, additional case studies are needed with different distribution of the dikes, such as in the nearby Marmolada platform.
The combination of the small-scale vertical and horizontal anisotropies results in vertical dolomite bodies (pipes), in some cases with horizontal dolomite bodies attached. These horizontal dolomite extensions do not only occur in the LTF and LCF but also lower in the LPF (Figures 10 and 15) . Furthermore, these horizontal extensions can form a connection between vertical dolomite bodies. This combination results in a complex, interconnected pattern of very porous dolomite. Other features facilitating or inhibiting flow are discussed in Jacuemyn et al. (2014) .
Application of 3-D variography is very useful to understand the spatial variation of lithology and can easily be integrated with reservoir modeling workflows. The results of this work or other applications of this approach can be directly implemented to analogous reservoirs by applying the spatial relationships uncovered here (Table 4) on available conditioning data from the subsurface, such as well data or seismic interpretation. However, some disadvantages exist, e.g., for reliable results a data-rich 3-D scenario is required to calculate the spatial relationships, such as DOMs. For example, analysis of 3-D seismic data that has been inverted for lithology could benefit from this technique for the construction of reservoir models. Applications are not limited to spatial lithology variation but can be extended to all spatial 3-D data on a wide range of scales (e.g., porosity variation in rock samples). The next promising step in 3-D analysis would be 3-D multiple points statistics that could result in more accurate interpolation.
CONCLUSIONS
Dolomitization in carbonate platforms affected by igneous activity has become more interesting recently for oil and gas exploration. Until now, very little has been known about the possible distribution and geometry of hydrothermal dolomite in this type of play. The Latemar platform presents a unique reservoir analogue for a carbonate platform that is crosscut by mafic dikes and is affected by dolomitization. The 3-D organization of the rock exposures form a perfect location to determine the geometry and distribution of dolomite bodies at multiple scales.
Lithology is derived from a 3-D photorealistic DOM. The DOMs provide a valuable tool for geological and reservoir analogue studies. An important challenge exists in extracting meaningful information from these DOMs. Therefore, a new approach was created to assess the distribution of lithology in 
